Background and objectives High body mass index appears protective in hemodialysis patients, but uncertainty prevails regarding which components of body composition, fat or lean body mass, are primarily associated with survival. (FTIs), which are the respective tissue masses normalized to height squared, relative to an age-and sex-matched healthy population. The relationship between LTI and FTI and all-cause mortality was studied by Kaplan-Meier analysis, multivariate Cox regression, and smoothing spline ANOVA logistic regression.
Introduction
Contrary to the general population, higher body mass index (BMI) in hemodialysis (HD) patients is associated with better survival (1) . Similar results were found in older adults and in many chronic diseases (2) (3) (4) (5) (6) . Numerous HD studies have addressed this phenomenon, with largely inconsistent results. Discrepancy exists even regarding the upper BMI limit for survival advantage, with some studies reporting a positive effect even at BMI values .35 kg/m 2 and others indicating an upper limit of 25 kg/m 2 (7, 8) . Postulated reasons for improved survival with high BMI include potential benefits of adipose tissue per se, for example as a source of TNF-a-soluble receptors and lipoproteins that counteract the effects of TNF-a itself or the inflammatory effects of circulating endotoxins (8-10) or as a vital energy source in undernourished patients (10) . In health, aging is associated with loss of muscle mass in the range of 2-4 kg over 10 years (11) . This physiologic process is believed to precede at a faster rate in patients with ESRD where several catabolic factors accelerate muscle wasting (12, 13) . In addition, anabolic pathways are compromised by low testosterone levels (14) and abnormalities in the insulin growth factor-1 pathways (15, 16) . It is therefore not surprising that patients with ESRD develop proteinenergy wasting (PEW), not because of reduction in fat mass, but because of loss of lean tissue. PEW is present in 18%-75% of patients with CKD (17, 18) .
BMI measures do not differentiate between fat and lean body mass so it is challenging to understand quantitatively which components of body composition are related to survival in patients with ESRD: fat tissue mass (FTM), lean tissue mass (LTM), or both. Studies with surrogate markers of FTM and LTM suggest a dominant protective role of LTM over FTM (7, 17, 19, 20) . However, other studies concluded that survival is dependent more on FTM than LTM (10, 21) . Recently, multifrequency bioimpedance spectroscopy (MF-BIS) devices have been introduced to assess body composition in HD patients. MF-BIS directly measures FTM and LTM on a routine basis. In this study, predialysis standard of care body composition assessed by MF-BIS was used to explore the relationship between lean tissue, fat tissue, and survival.
Materials and Methods
The MONitoring Dialysis Outcomes initiative comprises HD databases from Renal Research Institute clinics in the United States; Fresenius Medical Care (FMC) clinics in Europe, Asia Pacific, and Latin America; KfH clinics in Germany; and clinics associated with the Imperial College (United Kingdom), Hadassah Medical Center (Israel), and Maastricht University Medical Center (The Netherlands) (22) . Electronic medical records are assembled in a primary database after obtaining informed consent and in accordance with local privacy and data protection regulations. For this study, data from European FMC clinics were extracted for all patients who had at least one routine measurement using the BCM Body Composition Monitor 
Statistical Analyses
Primary outcome was all-cause death. In survival analysis, baseline values of LTI and FTI were entered as categorical variables. Univariate Kaplan-Meier analyses were conducted to explore the association of combinations of LTI and FTI categories and the time between first body composition measurement and death. Survival differences between groups were assessed using the log-rank test. Multivariate Cox proportional-hazard models adjusted for age, sex, and dialysis vintage assessed the association of LTI, FTI, and different FTI/LTI category combinations with mortality. The robustness of the results was tested with sensitivity analyses controlling for Kt/V and restricted to patients with dialysis Figures 1 and 2 ). Of the six groups with normal or high LTI, BMI values were higher than the cohort average in four groups (37.8% of the study population). Lower than cohort average BMI was observed for the remaining two groups with low FTI (15.3% of the study population). Table 2 provides a summary of the BMI categories as defined by the World Health Organization (WHO) (in 2004) and the LTI and FTI groups analyzed in this study. BMI levels were higher than one would expect given the lean and fat tissue amounts: respectively, 20% and 47% of patients had FTI and LTI below the 10th percentile, but they had normal to obese BMI levels. Univariate Kaplan-Meier analyses indicated a survival benefit for patients with normal LTI and concomitant normal FTI. The worst survival was observed for patients with a combination of low LTI and low FTI.
The results of the multivariate Cox proportional-hazard analyses are presented in Table 3 . First, we constructed three explanatory models with LTI and FTI as categorical variables and with normal FTI and normal LTI as references. Model 1 included LTI but not FTI; model 2 included FTI but not LTI; and model 3 included combinations of LTI and FTI categories. Model 1 indicated that both low and high LTIs were associated with higher mortality (hazard ratio [HR], 1.68; 95% confidence interval [95% CI], 1.56 to 1.80; P,0.001 and HR, 1.20; 95% CI, 1.01 to 1.41; P=0.03, respectively). Model 2 indicated that also both low and high FTIs were associated with higher mortality (HR, 1.34; 95% CI, 1.24 to 1.45; P,0.001 and HR, 1.19; 95% CI, 1.01 to 1.40; P=0.03, respectively). Model 3 indicated the highest HR for the combination of low LTI and low FTI; the lowest HR was for normal LTI and FTI. Sensitivity analyses controlling for Kt/V and restricting dialysis vintage confirmed the robustness of these results (data not shown).
All three explanatory models were only adjusted for age, sex, and vintage to avoid collinearity, but the addition of other potential variables were included in a predictive model (fully adjusted model, Table 3 ): only the statistical significance at high LTI-low FTI was reduced.
Next we conducted a 1-year survival analysis for the joint effect of LTI and FTI as continuous variables. The contour plot of the estimated death probability as a function of LTI and FTI with other covariates fixed on the basis of the smoothing spline ANOVA logistic regression model is shown in Figure 1 . The result of FTI and LTI slices through the contour plot at discrete LTI and FTI values (5, 10, 15, 20 , and 25 kg/m 2 ) are displayed in Figures 2  and 3 , respectively. The results corroborate the Cox regression results, revealing optimal survival at LTI and FTI in the middle ranges. However, although the range 15-20 kg/m 2 appeared optimal for LTI, the optimal range for FTI appeared to be lower (4-15 kg/m 2 ).
Discussion
In this study of prevalent HD patients, body composition was determined as part of standard of care using a validated multifrequency bioimpedance device. LTI and FTI within the 10th-90th percentile of an age-and sexmatched healthy population were associated with best survival, whereas low FTI and low LTI, and especially the combination of both, were associated with higher mortality. The average patient BMI was 26.0615.2 kg/m 2 , which is overweight for the general population (normal BMI defined by WHO: 18.5-24.9 kg/m 2 ). In fact, the BMI distribution was found to approximately parallel the FTI distribution, but starting already at WHO normal status and progressing to overweight and then even obese: irrespective of LTI, patients with low FTI had on average a WHO normal BMI (normal, 18.5-24.9 kg/m 2 ); patients with normal FTI had a high WHO BMI (overweight, 25-29.9 kg/m 2 ); and patients with high FTI were obese according to the WHO classification (30 to $40 kg/m 2 ) ( Table 2) . This observation, which was also confirmed by sex-specific analyses, indicates a shift toward higher BMIs in this HD population and can explain some previous interpretations of a protective effect of high BMI per se. Furthermore, patients in our study with even a low LTI did not appear to be underweight, but rather to have normal weight or even be obese according to the WHO BMI classification. Therefore, BMIs of HD patients are incompletely informative in predicting body composition. This can only be partially explained by the effect of fluid loading on BMI in dialysis patients (e.g., approximately +0.6 kg/m 2 for an interdialytic weight gain from 75 to 77 kg in a patient of height 1.75 m), but appears to be mainly related to an altered relation between fat and lean tissue in this population.
These findings add valuable insight to understanding the observation that HD patients with high BMI experience a better survival compared with fellow patients with lower BMI. In essence, our results indicate that body composition, and not just BMI, is related to outcome and that patients with the same BMI but different ratios of lean to fat mass may have different outcomes. The robustness of the result was tested with various models incorporating LTI and FTI as categorical and continuous variables and by a sensitivity analysis when Kt/V is controlled for or when restricted to patients with dialysis vintage ,6 months.
Almost half of the patients in our study had LTIs below the 10th percentile of an age-and sex-matched healthy population, whereas only 4.5% had LTIs above the 90th percentile (Table 1) . Low lean body mass is a component of the PEW syndrome, and it is thought to be associated with a parallel decrease in BMI. However, our results show that most patients with low LTI had normal FTI and BMI levels ranging between normal and obese. Honda et al. demonstrated that low lean BMI (defined in their study as lean body mass determined by dual energy x-ray absorptiometry and divided by height squared) is not exclusively a characteristic of patients with low BMI (21) . In fact, the prevalence of patients with PEW according to the Subjective Global Assessment was 60% in patients with a BMI,20 kg/m 2 , 39% in patients in the normal 20-25 kg/m 2 group, and 16% in patients in the overweight group (BMI 25-29.9 kg/m 2 ). Patients with PEW in the latter group were characterized by a higher fat BMI over lean BMI, a condition labeled obese sarcopenia. On the basis of the current findings, we suggest that the presence of a normal BMI is insufficient to refute diagnose of malnutrition and that LTI, FTI, and their relation must be taken into account.
Knowledge of predictors of low and high LTI and FTI may help to develop interventional corrective strategies. Inflammatory markers are known to be higher in patients with PEW; therefore, it is not surprising that a low LTI is associated with mortality (21) . This relationship suggests that malnourished (even obese) HD patients have a low LTI because of the catabolic effects of inflammatory mediators. The C-reactive protein levels in Table 1 support this. It has also recently been demonstrated that an excess of fat mass in obese patients can amplify the oxidative stress and inflammation caused by renal insufficiency (32) . This is in line with the results of our model 2, but not model 3 (whereby the latter may be because of the small numbers of patients in the upper categories). As shown in this study, the relation between LTI and FTI has to be taken into account. In patients with normal LTI, higher FTI was associated with a borderline significant outcome (P=0.06) compared with normal FTI, and in patients with low LTI it was associated with improved outcome. Fat mass can also serve as an energy reservoir in case of energy depletion, which might provide an explanation for the latter phenomenon because patients with low LTI are likely to be protein-energy wasted. Therefore, there may be a discrepancy between the long-term health risks with increased fat mass and short-term positive effects of higher fat mass in patients with low LTI and protein energy wasting (10,33). Interventions aimed to reduce inflammation may translate into a higher LTI. One such intervention would be to reduce catheter use because even subclinical infections can trigger inflammation (34) . Another intervention would be timely and effective treatment of periodontitis, a frequently neglected source of inflammation (35) . Strategies to improve nutritional competence may include oral supplemental nutrition programs. Strategies to increase creatinine by increasing muscle mass could possibly benefit both LTI and FTI (36) .
An unexpected finding of this study is the adverse association between high LTI and survival in the simple model, which was only adjusted for age, sex, and vintage. Theoretically, underdialysis might explain this (10, 33, 37, 38) . However, adjustment for Kt/V did not materially change the results. Adjustment for age, vintage, sex, geographic region, albumin, hemoglobin, diabetes, and BP in the background predictive models resulted in a loss of statistical significance for high LTIs. This could either indicate a problem of multicollinearity in the extended model or a low degree of robustness of the association at high LTI.
This study had certain limitations. The number of patients with high LTI and FTI was small (n=36), which could compromise achievement of statistical significance here. Prevalent HD patients were studied, and the dialysis vintage at the time of first body composition measurement varied between patients. In an attempt to address this we adjusted all Cox models for dialysis vintage. MF-BIS by the BCM Body Composition Monitor was the sole source of body composition assessment. However, this specific methodology has been validated in several studies (24-29) (although fat mass was validated against gold standard techniques in healthy controls only), and the strong relationship to outcome supports the functional validity of the device and its measurements. Moreover, the BCM Body Composition Monitor is not able to distinguish between appendicular and visceral muscle mass. LTM and adipose tissue mass were normalized to height squared for reporting of LTI and FTI, but other normalizations could better reflect differences in body compositions between races and geographic areas. However, inclusion of geographic area into the model did not change the results substantially. Also, indexing to height squared is common in sarcopenia studies (39) , and use of this facilitates comparison of study results. BCM Body Composition Monitor measurements were performed for clinical reasons, and supervising clinicians could use these for interventions (not blinded). However, we do not believe that this should be considered a confounder because all clinicians followed a common policy (i.e., to target relative overhydration to be #15%); therefore, an individual effect may be overruled. Strengths of this research lie in its multinational and diverse study population. The fact that this is the largest study on this subject conducted so far improves generalizability of the findings. Moreover, the BCM Body Composition Monitor is used on a routine basis, which reduces the chances of bias by indication.
In conclusion, this large multinational study demonstrated that LTM and FTM, as determined by whole-body MF-BIS, are important predictors of survival in chronic HD patients. Both low LTI and FTI, but especially the combination of both, are associated with poorer survival. Although BMI values for HD patients are generally higher than those for the general population, many patients with apparently overweight BMI levels have LTI levels below the 10th percentile of healthy controls. These results suggest that routine assessment of body composition by bioimpedance adds to the clinical care of HD patients. Trials of interventions to maintain lean body mass and fat mass in middle ranges are warranted to further explore the relationship between body composition and survival.
